Background. Full-thickness cartilage lesions of the patella represent a common source of pain and dysfunction. Previously reported surgical treatment options include marrow stimulation, cell-based treatments, and osteochondral transfer. Minced juvenile allograft cartilage is a novel treatment option that allows for a single stage approach for these lesions. Hypothesis. Particulated juvenile allograft cartilage (PJAC) for the treatment of chondral defects of the patella would offer acceptable lesion fill rates, mature over time, and not be associated with any negative biologic effects on the surrounding tissue. Methods. A retrospective chart review of prospectively collected data was conducted to identify consecutive patients who were treated with PJAC for a full thickness symptomatic cartilage lesion. Qualitative (fast spin echo) and quantitative (T2 mapping) magnetic resonance imaging (MRI) was undertaken at the 6-, 12-, and 24-month postoperative mark. Numerous patient, lesion, and graft specific factors were assessed against MRI scores and percent defect fill of the graft. Graft maturation over time was also assessed. Results. Forty-five patients total were included in the study. Average age at the time of surgery was 26.5 years (range 13-45 years), average lesion size was 208 mm 2 (range 4-500 mm 2 ), and average donor age was 49.5 months (range 3-120 months). Sixty percent of the patients were female, while 93% of all patients underwent a concomitant procedure at the time of the index operation. Six-month MRI findings revealed that no patient-, graft-, or donor-specific factors correlated with MR scores, and 82% of the knees demonstrated good to excellent fill. Twelve-month MRI findings revealed that T2 relaxation times of deep graft demonstrated negative correlation with patient age (P = 0.049) and donor age (P = 0.006), the integration zone showed a negative correlation with donor age (P = 0.026). In all, 85% of patients at 12 months displayed good to moderate fill of the graft. At 24 months, patient age demonstrated negative correlation with average T2 relaxation times of the deep and superficial graft (P = 0.005; P = 0.0029) and positive correlation with the superficial zone of the adjacent cartilage (P = 0.001). Donor age showed negative correlation with grayscale score (P = 0.004) and T2 relaxation times at deep integration zone (P = 0.018). T2 relaxation times of deep and superficial graft and integration zone improved over time (P < 0.001) and between each time point.Conclusions. Particulated juvenile allograft tissue appears to be an acceptable reconstructive option for full-thickness cartilage lesions of the patella, offering satisfactory tissue defect fill at 6, 12, and 24 months after surgery. Imaging of the repaired cartilage demonstrates progressive graft maturation over time.
Introduction
Articular cartilage lesions involving the patellar articular surface can be a significant source of pain and disability, and successful treatment can often prove challenging. 1, 2 Lesions are frequently the sequelae of either an acute patellar dislocation or the result of excessive overload secondary to malalignment and/or maltracking; however, chondral defects may also arise from a patella fracture (posttraumatic) or from osteochondritis dissecans. 3 Traditional surgical treatment options for symptomatic defects, that have failed conservative measures, include marrow stimulation techniques, cellbased treatments, and osteochondral transfer (autograft or allograft). 4 Cartilage restoration techniques in this location have produced unpredictable results, at best, due to the unique cartilage thickness and contour of the patella, the relative higher density of its subchondral bone (nearly completely cortical), the high dynamic shear and compressive forces at the trochlear articulation, and the exposure difficulties inherent to the extensor mechanism. 5 Particulated juvenile articular cartilage (PJAC) offers a new cellular allograft approach for the treatment of symptomatic articular defects of the patella. This material consists of minced hyaline cartilage derived from donors younger than 10 years. Currently, there are few studies reporting the results of DeNovo Natural Tissue (NT) allograft tissue implantation (Zimmer, Columbus, OH), with only 2 current series reviewing the outcomes for the treatment of patellar lesions. 6, 7 This procedure offers the advantage of a single stage approach to lesion treatment without violation of the subchondral plate. The allograft nature of the procedure also eliminates the donor site morbidity associated with autograft transfer techniques. Shortterm results have been promising, and compare favorably to more traditional cartilage repair techniques. 7, 8 The purpose of this investigation was to comprehensively evaluate the magnetic resonance imaging (MRI) findings of the reconstructed cartilage in patients who had undergone transplantation of PJAC for symptomatic full thickness cartilage defects of the patella. Utilizing standard morphologic MRI and T2 mapping we sought to correlate patient and graft characteristics with lesion fill, maturation of healing tissue, and the status of the surrounding cartilage. We hypothesized that the graft would offer acceptable fill rates, that it would mature over time, and would not be associated with any negative biologic effects on the surrounding tissue.
Methods

Patient Identification and Data Collection
After institutional review board approval, a review of prospectively collected data was conducted to identify consecutive patients who had been treated at our institution with PJAC for full-thickness symptomatic patellar cartilage lesions, and subsequently underwent MRI of their knee postoperatively. We collected data related to various patient-specific factors, lesion characteristics, and allograft tissue features. The patient specific factors that were collected included age, sex, duration of knee symptoms, and other knee pathology, including the presence of patellar instability. Lesion-specific factors included lesion size, location, and etiology of the cartilage defect. Graft specific factors that were collected for analysis included donor age and number of allograft packets utilized for reconstruction.
Surgical Technique
The PJAC transplantation was performed by 1 of 4 operating surgeons using a consistent surgical technique. All patients initially underwent a diagnostic knee arthroscopy to document the status of all compartments of the knee, verifying that the diseased articular cartilage was confined to the patellofemoral articulation. Reconstruction of the patellar cartilage was then undertaken following the arthroscopic portion of the procedure. There were several different etiologies of patellar cartilage lesions in this study and thus the majority of patients underwent concomitant procedures to address underlying pathologies during the index patellar cartilage reconstruction. Secondary procedures were dependent on the pathoanatomy of the patient at the time of surgery and included lateral retinacular release, tibial tubercle transfer, loose body removal, trochlear cartilage reconstruction, and/or medial patellofemoral ligament (MPFL) reconstruction.
Patella cartilage reconstruction with PJAC was performed in an open fashion in all patients through a small medial parapatellar arthrotomy. The decision to perform a cartilage reconstruction procedure with this graft type was made preoperatively based on the presence of a full thickness cartilage lesion on the undersurface of the patella, as demonstrated by preoperative MRI. The recipient bed was identified and gently debrided to ensure that the subchondral plate was not violated and that no bleeding bone was exposed. Every attempt was made to create a well-shouldered lesion with vertical walls at the site of the patella cartilage defect. Allograft tissue was then implanted using one of two methods and secured with fibrin glue. The first method consisted of placing the particulate tissue directly in the lesion with an allograft to lesion size ratio of 1 packet for every 2.5 cm 2 of defect area. This method allowed for a single layer of minced allograft to be placed in the defect bed and then secured with fibrin glue. An alternate method for defect reconstruction involved first templating the geometry of the lesion with sterile foil. Once the template was obtained allograft tissue was placed inside the template and secured with fibrin glue, effectively making an allograft implant to be placed into the defect and then sealed with fibrin glue. This technique allowed for complete lesion fill with the implant (Fig. 1) .
Postoperatively, all patients were placed in a hinged knee brace locked in extension for 4 to 6 weeks, and passive range of motion with the use of a continuous passive motion device was initiated at day 2 to 5. Initially, passive motion was restricted to 0° to 30° and progressed as tolerated, and patients were initially allowed toe-touch weightbearing in the brace, progressing to partial weightbearing with the brace locked in full extension. Continuous passive motion was used for 4 to 6 hours per day for the first 6 weeks. Eccentric quadriceps exercises were initiated within the first week of surgery. After the initial healing phase strengthening exercises were started and the patients began sport specific training at the 3-to 4-month time point. The rehabilitation protocol was modified as indicated by other associated procedures (tibial tubercle transfer or MPFL reconstruction).
MRI Acquisition and Grading
9
A 1.5-T (450 model) or a 3.0-T (750 model) imaging system (General Electric Healthcare, Milwaukee, WI) was utilized for MRI purposes. Fast spin echo images were obtained in 3 planes to allow assessment of articular cartilage using a previously validated cartilage-sensitive pulse sequence. 10 The moderate echo time (TE) used to acquire images allowed for high-contrast resolution between articular cartilage, subchondral bone, and joint fluid, while avoiding the susceptibility artifacts of the postoperative knee seen in gradient echo imaging techniques. A repetition time (TR) of 3500 to 6000 ms, TE of 34 ms (effective), field of view of 13 to 16 cm 2 , and matrix of 512 × 256 to 416, providing minimum in-plane resolution of 254 μm in the frequency direction by 312 μm in the phase direction by slice resolution of 3 to 3.5 mm with no gap. A wider receiver bandwidth of 31.2 to 62.5 kHz was used over the entire frequency range for minimization of chemical shift misregistration. A fat-suppressed pulse sequence in the sagittal plane was used to evaluate for the presence of subchondral bone marrow edema.
T2 relaxation time mapping was performed using a multislice, multiecho modified CPMG (Carr-Purcell-MeiboomGill) pulse sequence, which uses interleaved slices and tailored refocusing pulses to minimize contribution from simulated echoes.
11 Standard T2 mapping pulse sequence parameters used were a TR of 800 ms, 8 echoes sampled using sequential multiples of the first TE (9-10 ms), field of view of 16 cm 2 , and matrix of 256 to 384 × 256, providing a minimum in-plane resolution of 254 μm in the frequency direction by 312 μm in the phase direction, by slice resolution of 2.0 to 3.0 mm with no gap, and a receiver bandwidth of 62.5 kHz. After image acquisition, data sets were analyzed on a pixel-by-pixel basis with a 2-parameter weighted least-squares fit algorithm, assuming a monoexponential fit (Functool 3.1, General Electric Healthcare). Quantitative T2 values were calculated by taking the natural logarithm of the signal decay curve in a selected region of interest. Regions of interest were obtained in a standardized fashion, from the treated area of articular cartilage, at the interface with adjacent uninvolved tissue, as well as of the adjacent and opposite articular cartilage surfaces. All T2 relaxation times in the article will be reported in milliseconds.
All MRI studies were read by a single experienced musculoskeletal radiologist without knowledge of the patient or treating surgeon. 10 The images were scored according to a previously described cartilage repair criteria: signal intensity of the repaired area relative to the surrounding cartilage (hypointense, isointense, or hyperintense), subchondral edema (none, mild, moderate, or severe), geometry, bony overgrowth (absence or presence), interface with adjacent cartilage (absence, presence, size of fissure), percentage of fill based on both coronal and sagittal images (0%-33%, 34%-66%, or 67%-100%), integrity of adjacent cartilage (Outerbridge grading), fat-pad scarring (mild, moderate, or severe), synovial reaction, graft hypertrophy, and graft displacement. 12, 13 This will be referred to as the "grayscale" score for the remainder of the article. 
Statistical Analysis
Descriptive statistics were calculated for patient and clinical characteristics for the study cohort. For continuous data, means with standard deviations and ranges are reported while frequencies and percentages are reported for discrete variables. Bivariate correlations were performed to assess the relationship between patient characteristics versus various MRI readings that were performed at 6, 12, and 24 months. Pearson correlation coefficients were used to assess the magnitude of the correlation at 6 and 12 months, while Spearman's rho coefficients were used for correlations at 24 months. Because the assumption of normality was not met, non-parametric Kruskal-Wallis tests were used to compare the differences in patient and MRI T2 data between the different levels of lesion deficit fill. To control for the clustered nature of the longitudinal data, generalized estimating equation (GEE) models were used to evaluate MRI changes that were used to assess graft maturation over time. All analyses were performed using SPSS version 22.0 (IBM Corp, Armonk, NY).
Results
Patient Demographics
From the years 2010 to 2014, 45 patients underwent transplantation of particulate juvenile allograft cartilage for the treatment of a symptomatic cartilage lesion of the patella. In total, 38 patients were available for MRI acquisition at the 6-month postoperative time point and 34 patients were available at the 12-month time point. Eleven patients were identified with 24-month MRI follow-up. Forty percent of the patient population (n = 18) were male, while 60% were female (n = 27). Patient characteristics included an average age at the time of surgery of 26.5 years (range 13-45 years), and the average duration of symptoms prior to undergoing cartilage reconstruction was 56.6 months (range 2 weeks to 45 years). Average lesion size on the undersurface of the patella was 208 mm 2 (range 4-500 mm 2 ). The average number of allograft packets delivered to the cartilage lesion was 1.7 (range 1-3), and the average donor age of the allograft tissue was 49.5 months (range 3-120 months). In total, 42 of the 45 (93%) patients underwent a concomitant procedure at the time of their index patellar cartilage reconstruction. The mean number of concomitant procedures was 1.3, with a range of 0 to 3 ( Table 1) .
MRI Findings at 6 Months
MRI follow-up at 6 months demonstrated that patient age, donor age, lesion size, and preoperative symptom duration did not correlate with T2 mapping results or any of the factors within the grayscale scoring system (including overall score). The overall MRI grayscale score mirrored the defect percent fill in a nearly linear fashion. Specifically, with regard to percentage of defect fill by the graft, 7 patients had poor fill (0%-33%), 10 had moderate fill (34%-66%), and 21 demonstrated good fill (67%-100%). Two patients were noted to have developed graft hypertrophy and only 1 patient displayed significant graft displacement, as measured on MRI. Subchondral edema at the lesion site and adjacent synovitis were minimal, as only 3 and 2 knees were affected, respectively. (Tables 2 and 3) 
MRI Findings at 12 Months
At the 12-month time point, the T2 average relaxation times of the deep graft segments demonstrated a negative correlation with both patient age (r = −0.369; P = 0.049) and donor age (r = −0.511; P = 0.006). T2 average relaxation times of the deep integration zone of the graft also demonstrated a negative correlation with donor age of the graft (r = −0.419; P = 0.026). No other patient or graft characteristics affected the postoperative MRI scores at the 12-month time interval. The overall MRI grayscale score mirrored the defect percent fill in a nearly linear fashion. Specifically, with regards to percentage of defect fill by the graft, 5 patients had poor fill (0%-33%), 10 had moderate fill (34%-66%), and 19 demonstrated good fill (67%-100%). Two patients were noted to have developed graft hypertrophy and only 1 patient at the 6-month time point displayed significant graft displacement as measured on MRI. One patient demonstrated moderate subchondral edema at the lesion site and one patient demonstrated severe edema. 3/31 knees displayed mild synovitis (Tables  2 and 3) .
MRI Findings at 24 Months
Age of the patient demonstrated a negative correlation with average T2 relaxation times of the deep and superficial graft (r = −0.874; P = 0.005 and r = −0.759; P = 0.0029) and a positive correlation with the superficial zone of the adjacent normal cartilage (r = 0.934; P = 0.001). Donor age displayed a negative correlation with both the overall grayscale score (r = −0.628; P = 0.0039) and the average T2 relaxation times at the deep integration zone (r = −0.798; P = 0.018). Duration of clinical symptoms demonstrated a positive correlation with the average T2 relaxation times of the adjacent deep normal cartilage. No other patient or graft characteristics affected the postoperative MRI scores at this time point. Percentage of defect fill by the graft demonstrated similar results to the other time points: 2 patients had poor fill (0%-33%), 1 had moderate fill (34%-66%), and 8 demonstrated good fill (67%-100%). Percentage of defect filled at the 24-month MRI follow-up was not significantly related to any patient, lesion, or graft characteristics. One patient was noted to have developed graft hypertrophy and no patients displayed graft displacement as measured on MRI. Subchondral edema was absent at this time point, and only 1 knee demonstrated a reactive synovial response (Tables 2 and 3) .
Graft Maturation over Time
Final scoring results based on grayscale imaging showed no significant differences between 6, 12, and 24 months (average score of 20.9 points at 6 months, 21.5 points at 12 months, and 21.5 points at 24 months). Average T2 relaxation times of both deep and superficial portions of the graft improved (decreased) over time (P < 0.001) and between each time point in a statistically significant fashion (see appendix) (Figs. 2 and 3) . Average T2 relaxation times of both deep and superficial portions of the integration zone also improved over time (P < 0.001) and between each time point in a statistically significant fashion (see appendix). Average T2 relaxation times of the adjacent normal cartilage did not change over time or between time points in statistically significant fashion (see appendix) (Fig. 4) .
Discussion
Patellar chondral lesions have historically been treated with a myriad of reconstructive techniques. 9 Currently, no gold standard exists, and previous authors have focused on techniques such as microfracture, 14 autologous chondrocyte implantation, 11 osteochondral autograft transplantation, 9 and osteochondral allograft transplantation. 15 The goal of the present investigation was to comprehensively evaluate tissue regeneration in the treated cartilage lesion with the use of postoperative MRI. By utilizing both a cartilage-sensitive pulse sequence and T2 mapping, we were able to describe the allograft maturation process. Basic morphologic grading ("grayscale scoring") demonstrated only incremental, nonsignificant improvements between 6, 12, and 24 months. Percent fill at each time point demonstrated favorable results with 82% of patients having moderate to good fill at the 6-month mark, 85% of patients having moderate to good fill at the 12-month mark, and 75% of patient demonstrating moderate to good fill at 24 months following surgery. T2 relaxation time mapping is a powerful tool that allows clinicians to assess collagen organization as a measure of tissue maturation, and has been shown to correlate with collagen orientation within the articular cartilage. 16 Overall, following allograft transplantation, our results demonstrated a decrease (improvement) in average T2 relaxation times for the graft from 6, 12, and 24 months, with the 24-month results producing T2 relaxation times similar to adjacent (normal) cartilage. This phenomenon was true for T2 relaxation times in both the deep and superficial portions of the graft and integration zone. The graft itself is a biologically active tissue and it is not surprising that it matures and integrates with adjacent normal tissue in a temporal fashion. These results are consistent with a recently reported study evaluating particulated juvenile allograft cartilage for the treatment of femoral and/or tibial cartilage lesions, in which Farr et al. 8 observed a linear decrease in T2 relaxation times, and concluded that tissue maturation and reorganization was still occurring over a time period of 24 months.
Further study should focus on determining the relationship between donor age (and possibly other donor characteristics) and graft biology, with the aim to identify optimal donor characteristics. Our study demonstrated that younger donor age was correlated with increasing T2 relaxation time, which might be accounted for by the high synthetic capacity in very young donors, and the rapid synthesis of extracellular matrix proteins potentially leading to a matrix with early poor collagen organization. It is also difficult to understand the finding of increasing patient age being correlated with lower T2 relaxation times, and this fact might be explained by the heterogeneity of the minced graft material. Every attempt was made to sample a region of interest most representative of the graft, however at early time points the graft may still be in its particulated phase and therefore causing heterogeneity (both prolonged and shortened) within relaxation time measurements.
The graft itself demonstrated excellent stability with minimal adverse effects on local tissue. Only 1 patient in our series sustained graft displacement, and only 2 patients demonstrated graft hypertrophy. Hypertrophy was defined based on the appearance of the graft at the defect site and whether or not the tissue volume was greater in comparison to the surrounding cartilage. Subchondral edema at the lesion was minimal at all 3 time points, and improved over time. In a similar fashion only a small percentage of knee displayed synovitis after grafting. Based on T2 relaxation times of adjacent cartilage and the integration zone, we can conclude that placement of the graft did not have any adverse effects on the native local tissue.
Our study has several weaknesses. We are not reporting our clinical data here, as our purpose was to objectively evaluate structural healing of the lesions and to evaluate the characteristics of the allograft tissue in a temporal fashion. The majority of these patients underwent a concomitant procedure at the time of allograft transplantation, which ultimately confounds clinical results when assessing improvement in knee function following operative treatment of complex knee pathology. Therefore, to isolate the results of the transplanted allograft tissue, we chose to comprehensively evaluate its appearance on postoperative MRI, and not investigate clinical outcomes. Of note, we do acknowledge that the status of the trochlear cartilage is very important to the overall effect of the graft. Only 2 patients displayed significant disease of the trochlea requiring microfracture at the time of their PJAC procedure ( Table 1) . A second weakness of the study would be the age ranges of the patients treated as there is likely a physiologic healing difference between adolescent patients and the older patients. A third weakness of our study is the lack of serial MRIs in all patients. However, the added strengths of a relatively large number of patients at each time point and the addition of T2 mapping enhances the usefulness of the information reported herein.
In conclusion, particulated juvenile allograft tissue appears to be an acceptable reconstructive option for fullthickness cartilage lesions of the patella, offering satisfactory tissue defect fill at 6, 12, and 24 months after surgery. Imaging of the repaired cartilage demonstrates progressive graft maturation over time. Effectively, these are the numbers used for Figure 4A and B. 
